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Introduction
Fishery managers have long recognized the importance of maintaining a sufficient stock of spawning adults to ensure the production of the next generation of individuals (e.g., Russell 1931; Beverton and Holt 1957) . Statistical models relating historical spawning stock abundance to future recruitment quantify the productivity of the population at different spawning stock sizes, and allow managers to set biomass or escapement goals. Stock-assessment for many species of commercial or conservation importance relies on indices of abundance derived from a variety of information sources including size structure, age structure, biomass of previous D r a f t 3 harvests, and fishery-independent scientific surveys (Hilborn and Walters 1992) . However, these data can be expensive to collect, particularly for fishery-independent data. As such, data are not available for all species, particularly those of little economic value or for stocks in remote locations where monitoring is particularly expensive. As fisheries management agencies are increasingly called upon to shift from single-species to ecosystem-based management (Pikitch et al. 2004) , information on the productivity of less economically-valuable species is important for understanding the ecosystem level effects of fisheries. Further, methods to inform management from limited data will need to be increasingly applied to systems and species without long histories of stock assessment.
Due to an anadromous life history and natal stream fidelity of spawning adults, estimating spawning stock abundance for Pacific salmon (Oncorhynchus spp.) is typically conducted by counting the number of adults on the spawning grounds with aerial or ground surveys, or by counting adults migrating up rivers at weirs or counting towers. By counting the number of adults entering spawning grounds, managers can obtain an estimate of spawning abundance and relate future recruitment to it. Management agencies use these relationships to set escapement goals that maximize harvest potential while ensuring sufficient spawning abundance. However, enumerating Pacific salmon escapement is an imperfect process due to incomplete counts (e.g., not counting escapement or spawner abundance every day, biased effort towards more commercially valuable species) and other sources of observation error. Estimates of salmon escapement derived from incomplete counts of spawning or migrating adults use assumptions about arrival timing to estimate total annual escapement (e.g., Hilborn et al. 1999; Su et al. 2001; Parsons and Skalski 2010) . Total escapement estimates are particularly difficult D r a f t 4 to obtain in years with few data points and when data are not collected after the peak migration date (Hilborn et al. 1999 ).
In systems with limited data availability, a Bayesian hierarchical modeling approach provides a means for obtaining reasonable model estimates by sharing information from situations that are data-rich with situations that are data-sparse (Link and Sauer 2002) . A hierarchical model structure allows for the use of all available data to inform parameter estimates, simultaneous estimation of all parameters, and assumes that parameter estimates are conditional on related parameters (e.g., Su et al. 2001; Gelman and Hill 2007) . Specifically, lower level parameters (e.g., peak migration date in year i) are drawn from higher level population distributions (e.g., distribution of peak migration times for a river across all years; Su et al. 2001) . Parameters for individual years are treated as random variables drawn from a distribution common to all years. The underlying assumptions allow hierarchical models to objectively borrow information from data-rich years to inform parameter estimates in data-poor years Gelman and Hill 2007) .
The number of salmon entering a fishing district or river on any given day during the migration is influenced by two primary factors: the total abundance of salmon returning to the system that year, and the timing of the run (e.g., early or late run). Variation in the timing of the run causes uncertainty for in-season fishery management actions (e.g., opening and closing the fishery), and uncertainty in total escapement estimates made from limited daily escapement counts. A year with larger than average early season escapement can either be experiencing a larger than average spawning population, or could merely be experiencing an early migration in that year. Additionally, salmon migration timing has been demonstrated to be sensitive to environmental conditions such as river discharge, temperature, sea surface temperature (Hodgson D r a f t 5 et al. 2006; Kovach et al. 2013) , as well as subject to directional selection from fishery harvest (Quinn et al. 2007 ). The Pacific Decadal Oscillation (PDO) is a pattern of Pacific Ocean climatic variability that correlates with many marine biological dynamics including salmon productivity (Mantua and Hare 2002; Mantua et al. 1997; Schindler et al. 2005 ) and migration timing (Kovach et al. 2013) . The direction and magnitude of the effect of environmental conditions such as the PDO on spawning migration timing varies among spawning rivers. An understanding of what causes inter-annual variation in salmon migration timing has distinct value for improving fishery management.
The Chignik Lakes watershed on the Alaska Peninsula supports two commercially, culturally and ecologically important stocks of sockeye salmon (O. nerka). While all five species of Pacific salmon are harvested in the fishery, fisheries are focused on sockeye salmon (approximately 70% of returning sockeye adults are harvested annually; Clark et al. 2006) , and interactions among species are not addressed explicitly in current management. Of potential interest is the effect of coho salmon (O. kisutch) on sockeye salmon productivity. Juvenile coho salmon have been estimated to annually consume over half of the emerging sockeye fry in Chignik Lake (one of the two sockeye salmon rearing lakes in the system; Ruggerone and Rogers 1992) . Therefore, coho salmon exert substantial predation pressure on sockeye salmon populations that may limit their productivity, and thus, the potential for adult recruitment and harvest. For economic and logistic reasons (i.e., low price and late migration timing), there is no directed coho salmon harvest in the system, and coho salmon are only captured incidentally during the sockeye salmon fishery. As there is no directed harvest, coho salmon have no management goals in the Chignik Management Area and little is known about their productivity in the system.
The single-species approach to managing the sockeye salmon fishery overlooks species interactions with coho salmon populations that may have substantial effects on sockeye salmon productivity. Directed coho salmon harvest at Chignik may benefit the fishery by moving towards a more ecosystem based approach, balancing fishery harvests with ecosystem productivity (Zhou et al. 2010) , as well as potentially releasing sockeye salmon from predation constraints (Ruggerone and Rogers 1992) . To manage any potential directed coho salmon fishery, managers would ultimately need to understand the productivity of the Chignik Lakes system coho salmon stock. Salmon escapement is enumerated by the Alaska Department of Fish and Game (ADFG) via a weir located at the mouth of the Chignik River and operated seasonally during the sockeye salmon spawning run from the beginning of June through the end of August.
Weir removal occurs after most sockeye have migrated into the Chignik River but coincides with the onset of the coho salmon spawning migration, allowing managers to enumerate only a small portion of the coho salmon spawning migration. However, in some years, weir counts continued through the end of September, producing a combination of data-rich and data-poor years of daily migration counts from data spanning two periods : 1922-1936 and 1995-2013. In this study, we (1) employed a Bayesian hierarchical modeling approach that shares information among data-rich and data-poor years to estimate annual coho salmon escapement to the Chignik Lakes watershed, (2) examined the influence of additional count data from dates beyond the peak escapement date for estimating annual escapement, and (3) examined the relationships between environmental conditions and peak migration timing for coho salmon. The escapement estimates derived from this model could ultimately be used in the management of any future directed coho salmon fishery at Chignik enacted to account for species interactions influencing sockeye salmon dynamics.
Methods
Study Site
The Chignik Lakes watershed, on the Alaska Peninsula, consists of two lakes, each supporting populations of sockeye salmon and coho salmon (Fig. 1) . Black Lake, a shallow, warm and productive lake in the upper watershed, is fed primarily by the Alec River and drains into Chignik Lake via the Black River. Chignik Lake, a deep, colder, and oligotrophic lake in the lower watershed, is fed by the Black River and Clark River, and drains to Chignik Lagoon and the Gulf of Alaska via the Chignik River.
Daily counts of escapement into the Chignik watershed are made at the Chignik weir by the ADFG near the mouth of the river at the upstream end of tidal influence. Counts are made for the first ten minutes of every hour and extrapolated for the remainder of the hour. Weir counts are widely considered the most accurate method of enumerating Pacific salmon escapement, and are used by managers to make in-season fishery decisions (i.e., opening and closing the fishery). Currently, all anadromous salmonid species are counted at the weir, though historically counts focused on sockeye salmon. Since the mid-1990s, the weir has operated approximately from early June through the end of August, coinciding with sockeye salmon spawning migration timing and the sockeye salmon fishery. Coho salmon spawning runs begin to enter the river around the middle of August and is continuing to build even as the weir is removed. Daily coho escapement data are available from the Chignik Weir from 1922-1932, 1934-1936, and 1995-2013 . The weir data from years in the 1920s and 1930s cover the majority of the coho salmon run, extending until the end of September. Data from 1995 until present are limited to the early portion of the run. The methods for enumerating salmon migrating past the D r a f t 8 weir have changed between the two periods, as video cameras were installed in 1994. During all periods, the fish were allowed to pass through 1-3 gates. Fish were counted and identified by technicians standing atop the weir prior to video camera installation (Owen and Price 1995) .
Historically, gates were closed at night and corrections were made to account for fish that would have passed overnight. Currently, gates are open at night and underwater lights allow technicians to count salmon on video monitors. We assume that any bias derived from these methodological differences is negligible (Quimby and Owen 1994) . Additionally, in 2012 and 2013, ADFG operated a DIDSON sonar system 0.25 km upstream of the weir to enumerate late season escapement of sockeye and coho salmon. These data extend from late August until the end of September. We incorporate the DIDSON data into the observed daily escapement counts for our analyses, for these most recent years. These estimates derive from daily estimates of the total number of migrating salmonids, apportioned into species based on weekly estimates from drift gill net surveys in the upper Chignik Lagoon. The data available to compare weir based escapement estimates to the DIDSON based estimates suggest that DIDSON counts reasonably reflect weir counts, but the limited amount of existing data preclude a comprehensive comparison between these two methods at present. For the purposes of our analysis, we assume that any bias was negligible.
Hierarchical Model Structure and Prior Distributions
To inform parameter estimates in years with limited escapement data, we used a hierarchical Bayesian modeling framework as described by Adkison and Su (2001) . Each model of migration timing used three primary parameters, total escapement (r), peak escapement date (p), and standard deviation of migration timing (s). The hierarchical structure assumes that there
is an average value for each of these parameters (µ r , µ p , and µ s ) in the Chignik River, with among year standard deviation (σ r , σ p , and σ s ). Pacific salmon migration timing is generally consistent among years within populations (Burgner 1991; Heard 1991; Sandercock 1991) . As such, the assumption of normally distributed peak escapement dates around an among-year mean date is appropriate. By using data from two distinct time periods, we are assuming that the distribution of peak escapement dates, total escapement sizes, and standard deviation of migration timing are consistent between these two time periods. We examined this assumption in further analyses (see
Peak Migration Date Trends section).
The parameter values in each year j are drawn from the distributions:
where r j and s j are obtained after exponentiation after being drawn from a normal distribution on the log scale to ensure positive values. Broad, bounded prior distributions were used for all hyper-parameters because we had little information to otherwise inform them (mean values for the river and among year standard deviation; Table 1 ; Gelman 2006) .
Migration timing models
We examined the fit of two alternative migration timing models to the daily escapement data, each assuming a unimodal distribution of migration timing. This assumption appears valid from a visual inspection of daily migration counts across years. In the first model, we assumed that daily coho salmon escapement timing was normally distributed (M N ) around a peak escapement date:
where E i,j is coho salmon escapement on day i, year j, d i,j is the numeric day i of the year j, r j is the total escapement in year j, p j is the peak escapement date in year j, σ j is the standard deviation in arrival timing for year j, and ψ j is a normalizing constant which ensures that
where n is the last day of stream entry . The proportion of the spawning migration passing the weir on a given day is multiplied by the total number of migrating salmon in that year to determine the number of coho salmon passing the weir that day.
As salmon daily escapement counts often demonstrate extended descending limbs, we also examined a model assuming that daily coho salmon migration timing follows a gamma distribution (M G ) around a peak escapement date:
where a j is the gamma distribution shape parameter for year j, β j is the gamma distribution rate parameter for year j, and all other parameters are as in model M N . The equations for α j and β j are derived from the equations for the mode (here, the peak escapement date):
and the variance (here, the square of the standard deviation of escapement date):
of the gamma distribution. The gamma model allows for the possibility of asymmetric migration timing around the peak migration date. As in model M N , the proportion of the spawning migration passing the weir on a given day is multiplied by the total migration size in that year to determine the number of coho salmon passing the weir that day.
Likelihood Structure
The normal model (M N ) and the gamma model (M G ) were both fit to the data describing the daily escapement to the Chignik River. Daily salmon escapement counts often demonstrate higher variance during the peak of the run than at the beginning and end of the run. As such, we used a negative binomial error structure to capture over-dispersion in count data (Lindén and Mäntyniemi 2011) .
where ρ i,j and γ i,j are the parameters of the negative binomial probability mass function for day i, year j, φ and ω are over-dispersion parameters (Lindén and Mäntyniemi 2011) , and all other parameters are as above. Models were compared visually and by widely applicable information criterion (WAIC; Watanabe 2010), a fully Bayesian information criteria used to measure predictive accuracy of a model. WAIC uses the posterior predictive distribution to determine predictive ability, not just the posterior mean (as in deviance information criteria DIC, an alternative information criterion for Bayesian analyses), and is valid for use in hierarchical models (Hooten and Hobbs 2015) . Model averaged escapement estimates were caluclated from WAIC weights to account for uncertainty in model structure.
Simulated removal of post-peak data
To examine the influence of daily escapement data after the peak escapement date (i.e.
when many enumeration systems are discontinued) on estimates of escapement, we generated data sets in which daily counts were sequentially removed from the end of one year. We then reanalyzed the data with each model (assuming normally distributed M N and gamma distributed M G migration timing) and compared the annual escapement estimate for the year with data removed to the estimated escapement using the full dataset. The analyses were run with data from 17 days post-peak to 5 days pre-peak remaining in the data set. This analysis was run separately for years 1925, 2012 and 2013, three years for which there was escapement data for at least two weeks after the peak migration date. The percent errors of annual escapement estimates were calculated as:
Where j is the number of days of data removed, t is the number of dates with count data available in the data set, E t-j is the predicted annual escapement using the reduced dataset, E t is the predicted annual escapement using the full dataset. The percent error was calculated from ordered MCMC output (i.e., the lowest predicted escapement from dataset t was compared to the lowest predicted escapement from dataset t-j) to produce a distribution of percent errors.
Trends in Peak Migration Date
To assess whether coho salmon migration timing has undergone systematic temporal shifts or is correlated with large-scale environmental variation, we compared annual estimates of peak migration date (N=33) versus year and PDO index values. Long-term environmental datasets that cover the duration of the available coho salmon escapement data are limited, and thus we only examined the PDO index. Monthly average PDO indices were obtained for May through August (available at: jisao.washington.edu/pdo/) averaged to obtain a summer PDO index for each year in our analysis, as these are the the conditions that coho salmon would be experiencing immediately before beginning their upstream migration. We examined the peak escapement dates estimated from our models for trends related to time (i.e., a temporal shift in peak escapement date) and PDO index (e.g., differential escapement timing related to warm or cold PDO years) with linear models. The full model examined was:
Where p j is the peak escapement date estimate for year j, Y j is the year in year j, and PDO j is the summer PDO index in year j. The final models were selected by AICc. These analyses were run post hoc for the estimated peak escapement dates from each escapement model separately (i.e., normally distributed migration timing M N and gamma distributed migration timing M G ). We D r a f t 14 detected no evidence of autocorrelation in residuals from any of the models, except the model relating peak escapement date from M G to only the PDO index. This model ultimately had the least support in the data and was not used further. As such, we are comfortable that autocorrelation of model errors did not influence our conclusions.
All hierarchical models were run in JAGS (Plummer 2003) and all additional calculations were carried out in the R Statistical Software Environment (R Development Core Team 2011).
Results
Escapement Estimates
The model assuming gamma distributed migration timing (M G ) had the most support by WAIC (WAIC=-89.99; 74.9% model weight), compared to the model assuming normally distributed migration timing (M N ; WAIC = -87.81; 25.1% model weight). Both models were effective at capturing trends in daily escapement trends in data-rich years (Figure 2) , though, as expected, they produced more imprecise estimates in data-poor years. Estimates of total escapement were more constrained in years with more complete data than in those years with very limited data for all models (Fig. 3) . Each model provided similar relative estimates of total escapement between years (i.e., a year with a high escapement estimate for one model generally corresponded with high escapement estimates in the other model), although the model assuming gamma distributed arrival timing tended to produce higher estimates ( Fig. 3; Fig. 4c, d ). (Fig. 4) .
Sensitivity of Escapement Estimates to Post-Peak Count Data
Simulations to test the sensitivity of annual escapement estimates to post-peak data availability demonstrated that errors were greatly reduced when including at least a week of postpeak data for the model assuming normally distributed migration timing (M N ; Fig 5) . Including one week of post-peak data reduced errors to approximately 10% (median error) compared to estimates based on the entire run duration. However, as is evident from the analyses from 1925
and 2012 data, episodic escapements present difficulties to model fitting, as the percent error of estimated escapement increased as additional data can capture post-peak pulses of escapement (Fig. 5) . The model assuming gamma distributed arrival timing (M G ) was much more sensitive to data availability and required nearly two full weeks of post-peak migration data for total escapement estimates to converge on the full-data estimate (Fig 5) .
Trends in Peak Escapement Timing
Linear models relating peak escapement date estimated by the different models generally predicted a negative relationship with the PDO index, and a positive temporal trend in peak escapement date, though the relationships differed among the migration timing models ( The peak escapement dates estimated from the model assuming a gamma distributed migration timing (M G ) demonstrate a positive temporal trend to peak escapement timing (peak escapement date getting later over time), but no effect of PDO (R 2 = 0.61, p < 0.001; Table 2 ; 
Discussion
As fisheries management agencies face increasing calls to shift towards an ecosystem based approach, more detailed information on all species affected by or affecting the fishery are desired to inform management. There is little economic incentive to manage unexploited species (unless they are of conservation concern), and thus little urgency from management agencies to collect demographic data on these populations. However, information on non-target species may D r a f t 17 be available from monitoring efforts focused on commercially targeted species. This study estimated annual escapement of coho salmon to the river with a Bayesian hierarchical modeling approach, using data on unmanaged coho salmon collected during monitoring of economicallyvaluable sockeye salmon, to inform examination of potential benefits from a more ecosystembased approach to management. Further, we estimated the value of additional data in reducing errors in escapement estimates allowing fisheries managers to weigh the costs and benefits of collecting additional data to monitor and manage coho salmon populations. Finally, we demonstrated that detection of temporal trends and climatic influences on migration timing is sensitive to the underlying model used to estimate migration timing.
Fishery productivity is often characterized by relationships between spawning stock size and production in the next generation. Estimating annual spawning stock abundance is the first step required to characterize the stock-recruit relationship for Chignik River coho salmon. The estimates of annual escapement varied by an order of magnitude among years, and some years were characterized by very low escapements. The presence of a broad range of escapement values is important for characterizing the shape of the relationship between spawning stock and recruitment; if the range of escapements observed were too limited, indications of density dependence may not be apparent in the data (Walters and Martell 2004) . Management of any future coho salmon fishery would be improved with the ability to determine sustainable escapement goals for the population.
In data-rich systems, it is possible to obtain constrained estimates of escapement model parameters from single year count data (Flynn et al. 2006) . However, in data-poor systems separate estimation of parameters for individual year's results in wide confidence intervals (Hilborn et al. 1999) . Hierarchical models provide a framework within which to inform the D r a f t estimates of escapement in data poor systems . By assuming that there is an average peak escapement date, run duration, and total escapement to the Chignik River, the model borrows information from data-rich years to inform estimates in data poor years. While both models provide qualitatively similar estimates of escapement in any given year relative to other years, the annual escapement estimates can be substantially different between models within a given year, particularly in years with very high or very low escapement relative to the Pacific salmon stocks exhibit many biological traits that are locally adapted to the environmental conditions of their natal streams. As stream temperature is partially controlled by air temperature, rivers in close proximity to each other are likely to have similar run timings (though see Lisi et al. 2013) , and rivers at similar latitudes should be more representative of each other than rivers at different latitudes (Hodgson et al. 2006) . Previous research has suggested that incorporating information from neighboring streams to inform prior probabilities of run timing into rivers may further constrain estimates in data poor situations . If data exist for such systems, they can provide informed prior distributions to escapement estimation in a data poor system, and thus model fits would be less influenced by single data points in small data sets (Hilborn et al. 1999) . We examined the potential use of data from other southern Alaskan streams (Little Susitna River, Deshka River, Buskin Creek, Auke Creek) with weir D r a f t 22 counts of coho escapement to inform our estimates of peak escapement date. However, visual examination of the data for these streams demonstrated that the peak escapement dates were either much earlier (Deshka River, Little Susitna River) or later (Auke Creek, Buskin Creek) than was evident in data-rich years in the Chignik River. Coho salmon escapement to the Deshka and Little Susitna Rivers generally peaks at approximately the time when coho salmon begin to enter the Chignik River. Additionally, these rivers are smaller than the Chignik River and escapement may be more controlled by seasonal rain events (Sandercock 1991) or local geomorphic controls on stream thermal regimes (Lisi et al. 2013) . The utility of escapement timing data from regional streams is contingent upon the comparability of the size and prevailing environmental conditions of the streams. In the case of Chignik River coho salmon, it does not appear that data from reasonable surrogate rivers exist; thus, our analyses has only used a hierarchical model structure to share data among years, rather than among sites as could be done in other situations.
As fishery managers continue to shift towards a more ecosystem based approach to fisheries management, information on the productivity of non-traditionally targeted (and thus, less well studied) stocks will be needed. As coho salmon present a potential predation bottleneck to the commercially, culturally, and ecologically valuable sockeye salmon of the Chignik Lakes watershed (Ruggerone and Rogers 1992) , knowledge of the productivity of the coho salmon stocks is required to understand the interactions between the two species at the level at which the fisheries are managed. Escapement estimates derived from the limited available data by applying Bayesian hierarchical models begin to fill this knowledge gap, allowing researchers to examine relationships between coho salmon escapement and sockeye salmon productivity, and how these interactions may affect the productivity and economics of this fishery. 
